In this study we investigated the influence of mature adipocytes, derived from rat adipose tissue, on the replication and differentiation of preadipocytes in primary culture. Mature fat did not inhibit preadipocyte replication within the 6-d period studied. Preadipocyte differentiation, as assessed by both cytoplasmic lipid accretion and an increase in glycerophosphate dehydrogenase (GPDH) activity, was significantly stimulated by the presence of mature fat tissue or isolated adipocytes. The proportion of cells containing visible lipid droplets by oil red 0 staining was 47±10 to 58±10% (depending on the site of origin of the preadipocytes) when cocultured with mature fat compared with < 1 to 2±1% when cultured in medium alone, while GPDH activity was 344±9 compared with 43±3 nM NADH/ min per mg protein, respectively. This effect was not due to release of triacylglycerols from damaged adipocytes. Fatty acids added to the medium promoted lipid accumulation but did not stimulate a rise in GPDH activity. We concluded that mature adipocytes may release factor(s) that promote preadipocyte differentiation (and maturation).
Introduction
Established adipogenic cell lines have been used extensively to investigate the regulation of cell proliferation and differentiation' in culture (1, 2) . Adipogenesis is initiated in cell lines, such as murine 3T3-L1 cells, in response to insulin, insulinlike growth factor I, growth hormone, corticosteroids, thyroid hormone, and factors other than growth hormone in human plasma (3) (4) (5) (6) (7) . The emergence of the lipogenic enzymes lipoprotein lipase (8) (9) (10) and glycerophosphate dehydrogenase (GPDH)2 (1 1) as early and late markers of adipose conversion, respectively, is followed by the accumulation of fat droplets within the cell which continues until the characteristic morphology of the mature adipocyte is attained. 1 . In this paper we have used the terms differentiation and adipose conversion interchangeably. However, the processes involved in the transformation of 3T3 cells and preadipocytes from the stromal vascular fraction ofadipose tissue into mature fat cells may not be the same. 2 . Abbreviations used in thispaper: GPDH, glycerophosphate dehydrogenase; MIX, differentiation mix; TG, triacylglycerols.
The control of adipose conversion in vivo may, however, be more complex and subject to many diverse regulatory factors. The differentiation ofpreadipocytes, originating from the stromal vascular fraction of adipose tissue, to mature fat cells follows a similar course in vitro to that ofthe 3T3-Ll cells, but apparently requires only insulin and glucocorticoids (12) .
Regional variations in the growth of adipose tissue in vivo (13) and in vitro (14, 15) suggest that local factors may be involved in the control of adipose tissue growth. For example, both preadipocytes and microvascular endothelial cells derived from the retroperitoneal site demonstrate exaggerated replication in culture (14, 15) . Preadipocytes in vivo are exposed not only to circulating hormones and factors yet to be identified, but to different cell types within adipose tissue and fluctuating substrate and metabolite concentrations. We have previously demonstrated that microvascular endothelial cells, isolated from rat adipose tissue, released a mitogenic factor into the medium which stimulated the rate of replication of preadipocytes in culture (15, 16) . Furthermore, preadipocytes from the massively obese human released factors mitogenic on rat preadipocytes (17) . These mitogens are proteins that are heat and trypsin sensitive. The above observations led us to hypothesize that the various cell strains within adipose tissue may act via paracrine mechanisms to regulate preadipocyte replication and differentiation and that this may vary with the site of origin ofthe adipose tissue. In the present study we have investigated the effect of mature fat cells on the rate of differentiation and replication of preadipocytes, derived from three different fat depots, in primary culture.
Methods
Male Sprague-Dawley rats (Charles River Breeding Laboratories Inc., Wilmington, MA) weighing 580-780 g (donor rats) were killed by exsanguination under light ether anesthesia. Epididymal, retroperitoneal, and inguinal fat pads were excised aseptically. One of each pair of fat pads was finely chopped and kept until used in Alpha MEM (Gibco Laboratories, Burlington, ON) supplemented with 5% calf serum (Bocknek, BDH, Toronto, ON) and 5% fetal bovine serum (HyClone, Logan, UT) containing penicillin (1.7 X l0-' M) and streptomycin (9.2 X 10-5 M). Alternatively, free mature fat cells were isolated from the fat pads by digestion with collagenase (2 mg/ml; type IV; Sigma Chemical Co., St. Louis, MO) in HBSS (Gibco Laboratories) and 5% BSA with gentle shaking at 37°C for 30 min. Aliquots of the floating adipocyte layer were used immediately as described below.
Preadipocytes were isolated from the other fat pad of each pair as previously described (1) . After collagenase digestion (2 mg/ml) for 45 min at 37°C with shaking, the cell suspension was filtered through a 250-,gm mesh (1 1). To establish that the presence of lipid droplets within the preadipocytes was due to differentiation rather than the simple uptake of lipid from the medium (19) , GPDH activity was assayed according to the method of Wise and Green (20) .
Preadipocytes derived from the retroperitoneal fat pads of the test rats were cultured in flasks (75 cm2) at a seeding density of 1 X 104 cells/cm2 and exposed to differentiation conditions (a-d) described above. Cells in second or third subcultures were used as baseline (no visible differentiation) since a small percentage of preadipocytes in primary culture showed spontaneous accumulation of lipid within the 5 d of culture. Instead of fixing and staining the cells at the appropriate time intervals, the cells were washed in PBS, harvested with a rubber scraper, and stored at -85°C until used.
Cells were homogenized in 50 mM Tris-HCI buffer (containing 1 mM EDTA and 1 mM mercaptoethanol, pH 7.5) and centrifuged at 100,000 g for 1 h at 4°C. GPDH activity was determined under zero order kinetics and optimal substrate and cofactor conditions (20 Fig. 1 ). An increase in GPDH activity in cells incubated with mature fat tissue paralleled the morphological appearance of the lipid droplets (Table I) . When adipose conversion was induced by the addition of MIX, the proportion ofpreadipocytes containing lipid droplets was not significantly different from those cultured with mature fat tissue ( Fig. 1 ), but the size ofthe droplets was much larger, indicating greater cytoplasmic lipid accretion (Fig. 2) . This apparently more advanced stage of differentiation was not reflected, however, by a significant elevation of GPDH activity in cells exposed to MIX compared with that in cells cultured with mature fat (Table I ).
The effect of mature fat tissue on lipid accumulation by preadipocytes derived from test rats was not different from the * Z sh effect on the donor cells (Table II) . Cytoplasmic lipid inclusions were observed in preadipocytes incubated with mature fat tissue or cells well before confluence was attained (Fig. 3 B) . 
Discussion
In this study we demonstrated mature fat-induced differentiation as quantified morphologically by cytoplasmic lipid accretion and by an increase in GPDH activity. The induction was rapid, occurring within 5 d of seeding the cells. Adipose conversion was a consistent finding that was observed in every case regardless of the site of origin of the mature fat or preadipocytes. The mature fat was equally as effective on test preadipocytes as on the donor cells, implying that the influence ofthe mature fat on differentiation was not due to prior conditioning specific to the donor rats. When mature fat cells were isolated from fat tissue by collagenase digestion and incubated with preadipocytes, a similar degree of differentiation was obtained as with incubation of the whole tissue. This suggests that the effect was specific to mature fat cells and was not dependent on other cell types, such as microvascular endothelial cells within the tissue. Preliminary studies suggested that the endothelial cells only stimulated preadipocyte replication but not differentiation (16) . Coculture with muscle tissue (in amounts that did not inhibit replication) did not affect lipid accretion, which supports the concept of an effect specific to mature fat cells.
Growth arrest in the G1 phase of the cell cycle has been reported to be a prerequisite for the onset of differentiation of 3T3-T cells (23-25). In addition, terminal differentiation has been associated with the irreversible loss of proliferative potential of 3T3-T and other cell lines (26) . In our study no inhibition of replication was observed within the 5-d period during which differentiation was induced (Fig. 2) . There are several possible interpretations of the continuation of the replicative ability of the preadipocytes in the presence of mature fat tissue. Preadipocytes from the stromal vascular fraction of fat tissue in primary culture may differ from adipogenic clonal cell lines in that growth arrest may not be a prerequisite for differentiation. If this is so, it would follow that replication could continue during early stages of differentiation. An alternative interpretation might be that preadipocytes that showed no discernable lipid accumulation (42-53% of total cells) formed a subpopulation of dividing cells, while the preadipocytes showing overt signs of differentiation were in a phase of growth arrest and did not replicate. The latter cells may or may not have been terminally differentiated. The proposed existence of subpopulations of preadipocytes in our culture system might be determined by clonal studies. Such variation in subpopulations of preadipocytes with different requirements for differentiation have been reported (27, 28) . The observed differentiation was not contingent upon the prior attainment of confluence by the cells, since in many instances substantial lipid accretion was observed well before confluence was reached (Fig. 3 B) . In previously reported studies of rat preadipocytes in primary culture, differentiation was initiated only after confluence was achieved (18, 27) . Confluence was thought to be a prerequisite for differentiation in 3T3-Ll cells (1, 2, 8) , but adipose conversion has been shown to occur in low density cultures containing high concentrations of human plasma (23). (Fig. 1) (29) . There is also evidence that adipocytes can use lactate for incorporation into fatty acids (30) . However, our data did not support a role for lactate in the differentiation of preadipocytes in vitro. When cells were grown in lactate concentrations two-to threefold greater than those produced by cultured preadipocytes and mature fat tissue, no cells could be found containing fat droplets. In fact, the spontaneous differentiation (1-3%) observed in preadipocytes grown in medium alone appeared to be suppressed by the presence of lactate.
The effect of adipose tissue or isolated mature fat cells on differentiation may have been induced by the release of free fatty acids. The addition of oleic acid to preadipocytes in culture caused almost total differentiation as assessed by the commonly used criterion of the appearance of cytoplasmic lipid droplets, even at a concentration that did not inhibit replication (0.25 mM). Cells exposed to oleic acid resembled, in all respects, the cells differentiating in the presence of insulin and corticosterone (MIX). However, GPDH activity was not elevated in fatty acid-exposed cells and, therefore, these cells cannot be considered to have differentiated. As shown in Table I , the level of GPDH activity of cells in primary culture was slightly elevated (control) compared with cells in subculture (baseline). This small rise in GPDH activity may provide a sufficient source of glycerol via the glycolytic pathway to incorporate with the abundantly available fatty acids to form TG. The addition of 1 mM oleic acid to preadipocytes was cytotoxic within 24 h of culture when GPDH activity was at baseline levels.
In contrast to the effect of oleic acid, exposure of preadipocytes in primary culture to mature fat tissue induced close to maximal activity of GPDH (Table I) . However, GPDH activity was not stimulated by mature fat tissue in second to fourth subculture (25.3±5.9 nM/min per mg, n = 5), suggesting that preconditioning of cells in vivo was essential for induction of differentiating by mature fat. The uptake of fatty acids by cells in culture is known to be a nonspecific effect (19) and might, therefore, be expected to occur equally in subculture as in primary culture. But 1 mM oleic acid was cytotoxic when added to preadipocytes in subculture, with no formation of lipid droplets and no viable cells remaining after 24-h exposure, although this concentration apparently caused lipid accretion in most cells in primary culture. These data suggest that since 100% of preadipocytes accumulated fat in primary culture when exposed to oleic acid (at concentrations > 0.25 mM), differentiation, manifested by increasing GPDH activity, must have been initiated in most preadipocytes in vivo before isolation from the fat pads. As GPDH is a late marker of differentiation (11, 25) , lipoprotein lipase might also be expressed in these cells (8) (9) (10) . If differentiation has been initiated in most cells in vivo, why does maturation not proceed? A local inhibitor ofcomplete differentiation or maturation might be postulated.
We conclude that, while some lipid accretion may have been due to the presence of fatty acids, the differentiation of preadipocytes was stimulated by a factor or factors released into the culture medium by mature adipocytes. Further characterization of this putative paracrine factor is currently being investigated in our laboratory.
